Abstract: Non-resonant production of Higgs-pair via heavy intermediate states may be a distinctive signature for extended discrete symmetries when accompaied by large missing transvers energy. We discuss T -parity as an example of such symmetry within the Littlest Higgs Model, where a new heavy gauge boson Z , the T -odd partner of SM Z-boson, predominately decays into to a Higgs boson and a dark matter candidate χ. In essence, T -parity stablises simultaneously both the Higgs mass and the dark matter. Production via pp → Z Z → 2h2χ may therefore yield important clues about symmetries connecting the Higgs and dark sectors. This paper makes a case for the search for this channel at the LHC by studying its discovery potential. It is demonstrated that in situations where a large Z − χ mass gap results in a boosted topology, the jet-substructure technique can be leveraged to reach the required significance for discovery in the 2h → 2γ2b decay mode.
Introduction
The success of the Large Hadron Collider (LHC) owes to the discovery of the last missing piece of the Standard Model (SM), the Higgs boson. Since then, it has been a priority to pin down the nature of electroweak symmetry breaking by measuring the Higgs couplings with the other SM particles. The parameters within the SM are completely determined by the observed the Higgs mass, yet no substantial deviations have been observed in any of the measured couplings. On the other hand, observation of neutrino masses and oscillation, dark matter and the baryon asymmetry in the universe indicates that the SM is incomplete, thereby motivating for extensions.
Due to the discovery being made in the diboson decay modes, there is firm evidence that the Higgs mechanism indeed operates in the electroweak gauge sector. On the other hand, significant progress in direct measurements of Yukawa couplings has only been made in third generation, since the SM predicts that the fermion masses endowed by the Higgs mechanism should be proportional to the coupling strength. Currently, only hτ τ coupling have been observed at > 5σ significance [1] . The gauge and fermionic couplings to the Higgs boson can be inferred from single Higgs boson production via current LHC data. On the other hand, Higgs self couplings are unlitmately required to reconstruct the Higgs potential, but remains relatively unconstrained. At the LHC, ATLAS [2-10] and CMS [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] have therefore place substantial effort in the search of Higgs pair production, in order to study the Higgs self coupling [25] [26] [27] [28] [29] . With an integrated high luminosity of 3000 fb −1 , it was shown the both bbγγ and bbτ τ channels can be discovered at more than 5σ significance within the SM [30] . The production of Higgs pair is sensitive to new physics, with obvious examples being non-standard Yukawa couplings or Higgs self-coupling, the existence of new resonances, and heavy coloured particles flowing in the loops [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Higgs boson pair can also be produced in association with other particles in the decay of new resonances in new physics models. For example, a pair of the lightest supersymmetric particle (LSP) could generate a collider signal of Higgs boson pair with neutrinos in R-parity violating supersymmetry models in the case of Higgsino-like LSP [41] . In certain models with extended gauge group and dark matter candidate, the heavy gauge boson Z predominantly decay into a dark matter and a Higgs boson [42, 43] . If the Z is produced only in pair due to a new parity symmetry under which all SM particles are even while Z and dark matter are odd, the collider signature to search for Z would be the Higgs boson pair plus large missing energy (E miss T ) from dark matter. Furthermore, as the Z is much heavier than the Higgs boson and dark matter, the Higgs boson will be highly boosted, resulting in collimated decay products. In this study, we investigate in detail the associated collider phenomenology at the LHC, taking Littlest Higgs Model with T -parity [42, 43] as a benchmark model. We employ jet substructure techniques [44] to exploit the boosted Higgs topology of the signal, resorting to the well-established BDRS algorithm [45] .
The work is then organised as follows: In Sec. 2, we give a brief introduction of the setup in the Littlest Higgs Model with T -parity. Subsequently, we consider the collider signatures of pp → (Z → hχ)(Z → hχ), where χ denotes dark matter at the 14 TeV High Luminosity LHC (HL-LHC) in Sec. 3. The results are discussed in Sec. 4. The paper is then concluded by Sec. 5.
Model
We begin by introducing the Little Higgs Model Model with T -parity as a benchmark model, in which heavy gague boson Z must be pair-produced. Subsequently, the Z decays exclusively into a Higgs boson and a dark matter candidate. The prototype Littlest Higgs model (LH) [46] interprets the Higgs boson as a pseudo-Goldstone mode in a nonlinear sigma model paramaterising the coset space SU (5)/SO(5). The mass of Higgs boson is protected by the so-called collective symmetry breaking mechanism up to one-loop order. As the global SU (5) is broken down to SO(5) at a certain scale f , the gauged symmetries
T -parity as a Z 2 symmetry 1 between the two SU (2) × U (1) copies is imposed by demanding g 1 = g 2 = √ 2g and g 1 = g 2 = √ 2g , where g 1,2 (g 1,2 ) and g(g ) are the gauge couplings of SU (2) 1,2 (U (1) 1,2 ) and the SM SU (2) L (U (1) Y ), respectively. The SM gauge fields, W a µ may be recovered from linear combinations of SU (2) 1,2 gauge fields W a µ1 and W a µ2 , with a ∈ {1, 2, 3}, whilst combinations that that are orthogonal to the SM configurations are realised as the heavy gauge bosons W a µ . Similar setup happens in U (1) as well. As a result, one can easily find that heavy gauge bosons carry charge −1 (T -odd), and SM fields +1 (T -even) under T -parity transformation. The immediate implication of such parity is that the constraints from electroweak observations can be significantly alleviated by forbidding mixing between heavy and the SM gauge bosons. Furthermore, the T -odd partner of photon is suitable for dark matter candidate [47] [48] [49] [50] whose mass is now bounded below by m h /2 [51] [52] [53] [54] [55] .
After the electroweak symmetry is broken, the masses of T -odd heavy gauge bosons are given by :
where A is the dark matter candidate. Due to T -parity exchanging SU (2) 1 and SU (2) 2 , it is necessary to introduce two fermion doublets ψ 1,2 that transform linearly under the respective groups. In the end, we have heavy fermions with masses given by
where u , d , ν and are T -odd partners of SM up-type quarks, down-type quarks, neutrinos and charged leptons, respectively. The κ q and κ denote the Yukawa-type coupling strength. The couplings between Z and SM quarks are generated in the gauge interactions as follows:
In the case that T -odd fermions are heavier than Z , the only channel allowed for Z decay is Z → hA . The LHT provides a framework whereby a heavy gauge Z conveniently couples the Higgs and dark sectors. The collider phenomenology of the Z is studied in the subsequent parts of this paper without assuming its realisation via any specific model. This interpretation is made possible by treating the mass of dark matter m A and coupling of Z to SM quarks and heavy quarks in Eq. (2.3) as free parameters. Also, we assume that the heavy quarks (u and d ) are much heavier than Z .
Collider study
The LHT model provides a means of 2h + E miss T production through the decay of Z . The missing transverse energy component is attributed to the dark matter. The relevant channel of production is signatures. However, the production of photon and bb pairs are non-resonant and therefore expected to be effectively suppressed via a succession of mass window cuts.
(B3) tth(→ γγ) -same as (B2), except the diphoton is produced via a resonant Higgs.
Although this is suppressed by the branching ratio, it becomes comparable with (B2) since the diphoton invariant mass cut for is unable to distinguish signal against background.
(B4) Z(→ bb)h(→ γγ) -This background will be effectively suppressed by an E miss T cut. Since the mass of Z is sufficiently close to that of the Higgs, the effect of mass window cuts will not be very effective.
The backgrounds jjγγ, bbγγ, jjh and bbh have been studied and were found to be negligible after E miss T cut. The effective Lagrangian in Eq. (2.3) was implemented by FeynRules v2.3 [56] with SM parameters taken from [57] . The signal and background matrix elements were generated by MadGraph5 aMC@NLO package [58] with default parton level cuts, and convolved with the CTEQ6L parton distribution function [59] using default dynamical renormalisation (µ R ) and factorisation (µ F ) scales. Parton showering was subsequently performed by Pythia [60] followed by Delphes-3 [61] for detector simulation, where the (mis-)tagging efficiencies and fake rates assume their default values, with the exception of the angular resolution of photons which is set to 0.3. Fig. 2 shows the cross section where g = 0.6 is adopted in (2.3), as well as the masses of heavy quarks m u = m d = 2.5 TeV. The increase mass of Z makes it more difficult to be pair produced, as reflected by the decreasing cross section. As mentioned previously, the Z predominantly decays via Z → hA with a branching ratio 100%. The signal analysis (cf. Table 1 ) begins with the basic selection criteria (C0) on transverse momenta and rapidities:
Results
which reflects the triggering capabilities and detector coverage at the LHC. We demand two or more photons (N γ ≥ 2) to reconstruct one of the Higgs bosons. For the Higgs boson decaying into two b-quarks, we focus on the boosted regime and adopt jet substructure technique. Fig. 3 shows a parton level simulation of the ∆R of the 2b decay of the Higgs the signal events. The separation finds good agreement with:
A boost regime of p T > 200 GeV corresponds to ∆R 1.25. This motivates the setting of the cone radius to R = 1.2 in order to cluster fatjets via the Cambridge/Aachen algorithm [62, 63] . Jet substructure was subsequently used to tag Higgs-candidate fatjet by utilising the BDRS algorithm [45] made available by fastjet [64] . The BDRS algorithm iteratively reverses the clustering for a jet j from constituents j 1 and j 2 , until a significant mass drop is observed and without the splitting being too large. The parameters for mass drop µ and splitting y are chosen to be: , mainly due to the undetected dark matters A , gets more energetic with increasing m Z . Even though tt + X backgrounds contribute to the E miss T spectrum, the right panel of Fig. 6 shows that it tends to be significantly softer than that of the signal. The neutrinos which account for the E miss T in the background events are produced via charged weak current, and hence are accompanied by charged leptons. These leptons are identified in the range p T > 20 GeV, |η | < 2.5. We see that they can be 1 d 2 dp T dp fatjet effectively suppressed at least an order of magnitude using lepton veto (C3) in conjunction with a E miss T > 150 GeV cut (C4). For jjh, the missing transverse energy arise completely due to detector inefficiencies and so is removed around three orders of magnitude due to (C4).
In order to take care of the continuum process (B1) and (B2), we employ mass window cuts (C5) and (C6) around m h = 125 GeV on the diphoton and fatjet mass respectively. This results in two orders of magnitude reduction for these backgrounds, but simultaneously removes ∼ 1/3 of the signal events. On the other hand, for the jjh and tth backgrounds, two photons are mainly generated in Higgs decay and therefore show a peak structure in m γγ in Fig. 7 . This renders the diphoton invariant mass cut (C5) less effective. Instead, one relies on the fatjet invariant mass cut (C6) to reduce the background by a factor of ∼ 3, whilst that of the signal is reduced by ∼ 1/3. For the Zh background, although the h → γγ decay is irreducible, and the invariant mass of the fatjet due to Z → bb is sufficiently close to that of the Higgs boson, the initial cross section of the process is low enough such that the E miss T selection cut suffices to bring this background in control. Given the cut efficiencies, we can extend the results summarised in Tab. 1 to project the sensitivity of 14 TeV HL-HLC with m Z = 500 GeV and m A = 100 GeV, assuming fixed couplings gZ = g hZ A = 0.6. We also show the comparison between there benchmark scenarios with m Z ∈ {500, 1000, 2000} GeV in Appendix. The LHC sensitivity is summarised in Fig. 8 by the approximate median significance (AMS) [65] :
which characterises the observed statistical significance for rejecting the SM-only hypothesis. Assuming a coupling strength of 0.6, the discovery is expected with the luminosity of 100 fb −1 for a Z of 500 GeV in mass, corresponding to ∼ 11 events at 14 TeV LHC. For different couplings of gZ , the needed luminosity for discovery of a 500 GeV Z is also shown in the right panel of Fig. 8 . Table 1 . Select cuts and resulting cross sections for the signals of different masses 14 TeV LHC. Here, we set m Z = 500 GeV, m A = 100 GeV, and g Z A h = g uu Z = 0.6.
Conclusions
It is conceivable that the dark sector may indeed play a role in stablising the Higgs boson mass. Yet, dark matter candidates are usually stablised via a discrete symmetry of some sort. Should such dark matter be stablisied by being odd under a Z 2 symmetry and couples to the Higgs boson via a heavy resonance, it is clear that enforcing that SM particles are even forces this resonance to carry odd-parity under the same symmetry.
The null results at the LHC set stringent constraints on the lower bound of the masses of heavy gauge bosons which are assumed to be singly produced. Heavy Z from the aforementioned scenario can be pair-produced at the colliders, and currently the LHC puts loose limits. It was therefore proposed in this work to search for 2h + E miss T signatures at the LHC. The Littest Higgs Model with T -partiy was explored here as a framework that realises the particle spectrum required for such signature. The T -odd partner of the SM Z-boson, Z , decays exclusively to a Higgs boson and a dark matter A , which is the massive T -odd partner of the photon. We exploit (i) the large E miss T signature due to A , and (ii) boosted topology of the resulting Higgs due to the large Z -A mass gap to discern the signal from the SM background events. Assuming 100% decay branching of Z → hA , the HL-LHC with O(100) fb −1 luminosity is able to discover the Z of mass around 500
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